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Abstract  13 
At contaminated sites, knowledge about geology and hydraulic properties of the subsurface and 14 
extent of the contamination is needed for assessing the risk and for designing potential site 15 
remediation. In the present study, we have developed a new approach for characterizing 16 
contaminated sites through time-domain spectral induced polarization. The new approach is based 17 
on: 1) spectral inversion of the induced polarization data through a re-parameterization of the Cole-18 
Cole model, which disentangles the electrolytic bulk conductivity from the surface conductivity 19 
for delineating the contamination plume; 2) estimation of hydraulic permeability directly from the 20 
inverted parameters using a laboratory-derived empirical equation without any calibration; 3) the 21 
use of the geophysical imaging results for supporting the geological modeling and planning of 22 
drilling campaigns. 23 
The new approach was tested on a dataset from the Grindsted stream (Denmark), where 24 
contaminated groundwater from a factory site discharges to the stream. Two overlapping areas 25 
were covered with seven parallel 2D profiles each, one large area of 410 m by 90 m (5 m electrode 26 
spacing) and one detailed area of 126 m by 42 m (2m electrode spacing). The geophysical results 27 
were complemented and validated by an extensive set of hydrologic and geologic information, 28 
including 94 estimates of hydraulic permeability obtained from slug tests and grain size analyses, 29 
89 measurements of water electrical conductivity in groundwater, and four geological logs. 30 
On average the IP-derived and measured permeability values agreed within one order of 31 
magnitude, except for those close to boundaries between lithological layers (e.g. between sand and 32 
clay), where mismatches occurred due to the lack of vertical resolution in the geophysical imaging. 33 
An average formation factor was estimated from the correlation between the imaged bulk 34 
conductivity values and the water conductivity values measured in groundwater, in order to 35 
convert the imaging results from bulk conductivity to water conductivity. The geophysical models 36 
were actively used for supporting the geological modeling and the imaging of hydraulic 37 
permeability and water conductivity allowed for a better discrimination of the clay/lignite lithology 38 
from the pore water conductivity. Furthermore, high water electrical conductivity values were 39 
found in a deep confined aquifer, which is separated by a low permeability clay layer from a 40 
shallow aquifer. No contamination was expected in this part of the confined aquifer, and 41 
confirmation wells were drilled in the zone of increased water electrical conductivity derived from 42 
the geophysical results. Water samples from the new wells showed elevated concentrations of 43 
inorganic compounds responsible for the increased water electrical conductivity in the confined 44 
aquifer and high concentrations of xenobiotic organic contaminants such as chlorinated ethenes, 45 
sulfonamides and barbiturates. 46 
Keywords: Hydrogeophysics, Electrical properties, Inverse theory, Tomography, Permeability and 47 
porosity  48 
1. Introduction 49 
Contamination of groundwater and surface water by heavy metals, nutrients, or xenobiotic organic 50 
compounds in urban areas is a common problem all over the world (Panagos et al., 2013). In 51 
particular, contaminated sites (e.g. former industrial facilities or dump sites, old landfills, gasoline 52 
stations or dry cleaning facilities) can generate groundwater plumes posing a risk to water 53 
resources  (Basu et al., 2006; Ellis and Rivett, 2007; Bjerg et al., 2011) . For site investigations, 54 
risk assessment and adequate remedial design, a characterization of the contaminated sites and 55 
plumes is needed (Sims, 1990; Barcelona, 1994). This requires information on the spatial 56 
distribution of the contaminant plume, local geology, and hydrogeological properties (e.g. 57 
permeability, k), which are conventionally estimated from analysis of groundwater samples, of soil 58 
samples, and of aquifer tests (EPA, 1991; Cameron, 1992; Benson and Yuhr, 2016a). These 59 
approaches require many drillings to sufficiently characterize field sites, which is often unfeasible 60 
at large sites (Benson and Yuhr, 2016b). As an alternative approach, non-invasive geophysical 61 
methods can be used in combination with drillings for improved 3D characterization of 62 
contaminant plumes. 63 
Among the various geophysical techniques, the direct current (DC) resistivity method has been 64 
used for mapping groundwater contamination. The presence of contamination affects the 65 
formation resistivity depending on the type and concentration of contaminants. The increase in 66 
resistivity is usually associated with the presence of mobile (pools) or residual non-aqueous phase 67 
liquids (NAPLs) (Deryck et al., 1993; Yang et al., 2007; Johansson et al., 2015). A decrease in the 68 
resistivity is typically associated with ionic compounds, which may be linked to contamination 69 
and/or to different redox or biodegradation processes (Atekwana et al., 2005; Chambers et al., 70 
2006; Junejo et al., 2015; Maurya et al., 2017). The DC resistivity method suffers from well-71 
known limitations, i.e. its inability to discriminate between low-resistivity formations (e.g., clay) 72 
and high salinity of groundwater. With the IP method, which measures the capacitive nature of the 73 
subsurface (Binley, 2015), additional information about the surface conductivity is gained (to 74 
avoid confusion, here and throughout the manuscript, “conductivity” always refers to electrical 75 
conductivity, while “permeability” is used when referring to hydraulic properties). This helps to 76 
discriminate lithology-driven resistivity variations from variations driven by pore water. In 77 
particular, Weller et al. (2013) identified a strong linear relationship between the real part of 78 
surface conductivity and the imaginary conductivity, and discovered how this relationship can be 79 
used to improve the estimation of the true formation factor and the groundwater conductivity when 80 
an IP measurement is also made. 81 
Over the past two decades, the spectral nature of the IP response has increasingly been used as an 82 
exploration tool in environmental and hydrogeological investigations (see Kemna et al. (2012), for 83 
an overview). Spectral IP (SIP) signals can be measured in both time domain (TD) and frequency 84 
domain (FD). In time domain, SIP measurements are usually combined with DC resistivity 85 
measurements using similar field procedures and instrumentation as when measuring DC data 86 
alone. Several studies about inversion and processing of TD SIP data have recently been published 87 
(Hördt et al., 2006; Hönig and Tezkan, 2007; Fiandaca et al., 2012; Fiandaca et al., 2013; Olsson 88 
et al., 2016; Fiandaca et al., 2017a) and successful case studies have been presented where the TD 89 
SIP method was applied for mapping lithology (Gazoty et al., 2012b; Johansson et al., 2016), 90 
landfill-waste materials (Gazoty et al., 2012a), and contaminated sites (Johansson et al., 2015; 91 
Sparrenbom et al., 2017). 92 
In addition to complementing the DC method for lithological discrimination and characterization 93 
of contaminated sites, the IP method has been used to estimate hydraulic permeability in the 94 
laboratory (e.g., Binley et al., 2005; Slater, 2007; Revil and Florsch, 2010; Zisser et al., 2010; 95 
Weller et al., 2015) and in the field  (e.g. Kemna et al., 2004; Hördt et al., 2007; Hördt et al., 2009; 96 
Attwa and Günther, 2013; Binley et al., 2016). In particular, Weller et al. (2015) proposed 97 
empirical equations for permeability estimation derived from an extensive set of samples for 98 
consolidated and unconsolidated sediments. The applicability of the proposed equation for 99 
unconsolidated sediments was verified in the field, in presence of heterogeneity in both lithology 100 
and water chemistry, at the same site presented in this study with the El-log technique (Fiandaca 101 
et al., 2017c; Fiandaca et al., 2017b), i.e. a borehole technique for acquiring logging-while-drilling 102 
DC resistivity, TD spectral IP (SIP) and gamma radiation data (Sørensen and Larsen, 1999; Gazoty 103 
et al., 2012a). The high vertical resolution of the El-log technique matched the lithological 104 
variability at the site, minimizing the ambiguity in the result interpretation due to lack of 105 
geophysical resolution. A very good correlation within on average one order of magnitude was 106 
found between the IP-derived permeability estimates and those derived using grain size analyses 107 
and slug-tests, with similar depth-trends and permeability contrasts. 108 
These new results on the use of TD SIP data for characterization of hydraulic permeability, the 109 
relation between real and imaginary surface conductivity derived in the laboratory, and the recent 110 
improvements in processing and inversion of TD SIP data paved the way for the development of 111 
a new approach for the characterization of contaminated sites through TD SIP. The new approach 112 
is based on: 1) spectral inversion of the TD SIP data through a new re-parameterization of the 113 
Cole-Cole model (Cole and Cole, 1941; Pelton et al., 1978), which disentangles the electrolytic 114 
bulk conductivity from the surface conductivity for delineating the (inorganic) contamination 115 
plume; 2) using the relationship derived from Weller et al. (2015) for estimating the hydraulic 116 
permeability in the field directly from the inversion parameters, without any calibration; 3) the use 117 
of geophysical imaging results for supporting the geological modeling. 118 
The new approach was tested on a TD SIP survey close to the Grindsted stream (Denmark), where 119 
the contaminated groundwater from a factory site discharges to the stream  (Sonne et al., 2017; 120 
Rønde et al., 2017). The new approach was complemented and validated by comparing the 121 
geophysical results with an extensive set of hydrologic and geologic information. In particular, the 122 
geophysical results were compared with 94 estimates of hydraulic permeability obtained from slug 123 
tests and grain size analyses, 89 measurements of water conductivity in groundwater and four 124 
geological logs. 125 
2. Methodology 126 
2.1 Induced polarization and hydraulic permeability 127 
In the induced polarization method the low-frequency capacitive properties of the earth are 128 
measured as a frequency-dependent complex resistivity (in frequency domain) or a decay response 129 
(in time domain) when the medium is excited by a time-varying electric current. In a porous 130 
medium free of metallic particles, the electrical conduction takes place through the fluid that fills 131 
the interconnected pore spaces (electrolytic bulk conduction) and through the electrical double 132 
layer (surface conduction), and these conductivities are usually assumed to add in parallel into the 133 
total complex conductivity 𝜎𝜎∗ (e.g., Lesmes and Frye, 2001):  134 
𝜎𝜎∗(𝑓𝑓) = 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝜎𝜎𝑤𝑤) + 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠∗ (𝜎𝜎𝑤𝑤,𝑓𝑓) = 𝜎𝜎𝑤𝑤𝐹𝐹 + 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′ (𝜎𝜎𝑤𝑤,𝑓𝑓) + 𝑖𝑖𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′′ (𝜎𝜎𝑤𝑤,𝑓𝑓)   (1) 135 
where the bulk conduction 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is expressed by the water conductivity 𝜎𝜎𝑤𝑤 divided by the 136 
formation factor 𝐹𝐹 and the dependence of the complex surface conductivity 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠∗  over the 137 
frequency 𝑓𝑓 and the water conductivity 𝜎𝜎𝑤𝑤 is stated expressly. 138 
The real and imaginary components of the surface conductivity are not independent: using a 139 
database composed of 63 sandstone and unconsolidated sediment samples covering nine 140 
independent investigations, Weller et al. (2013) identified a strong linear relationship between 141 
𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
′  determined from multisalinity resistivity measurements and 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′′  measured with IP at a 142 
frequency of about 1 Hz: 143 
𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
′′ = 𝑙𝑙 ∙ 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′           (2) 144 
with 𝑙𝑙 = 0.042 ± 0.022 (dimension less). 145 
Furthermore, Weller et al. (2013) found that the salinity dependency of the real surface 146 
conductivity parallels the salinity dependency of the imaginary surface conductivity, which can be 147 
expressed as (Weller et al., 2011; Weller et al., 2015): 148 
𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠
′′ (𝜎𝜎𝑤𝑤) = 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′′ �𝜎𝜎𝑠𝑠� ∙ 1𝐶𝐶𝑓𝑓 �𝜎𝜎𝑤𝑤𝜎𝜎𝑓𝑓         (3) 149 
where 𝜎𝜎𝑠𝑠 represents the salinity of a reference NaCl solution and 𝐶𝐶𝑠𝑠 accounts for the possible 150 
differences in ionic species in the reference and actual solution. 151 
IP-based permeability prediction methods are based either on the imaginary conductivity 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′′  or 152 
on relaxation time τ (a quantity used to represent the characteristic hydraulic length scale e.g., 153 
Revil (2012). The premise of estimating k using 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′′  is based on its strong relationship with 154 
surface area normalized to the pore volume (𝑆𝑆𝑝𝑝𝑝𝑝𝑠𝑠), which holds the fundamental basis for derived 155 
empirical relationships between k and induced polarization in laboratory studies (Börner et al., 156 
1996; Slater and Lesmes, 2002a; Weller et al., 2015). Recently, Weller et al. (2015) investigated 157 
a data base consisting of 114 globally collected samples. They avoided the indirect k-estimation 158 
through Spor and suggested direct correlations between k and the electrical parameters. For 159 
unconsolidated sediments they proposed the following empirical equation: 160 
𝑘𝑘 = 1.08∙10−13
𝐹𝐹1.12∙�𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓′′ �𝜎𝜎𝑓𝑓��2.27           (4) 161 
Substituting eq. (3) and using the Archie’s law �𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜎𝜎𝑊𝑊𝐹𝐹 �, we can re-write the eq. (4) as: 162 
𝑘𝑘 = 5.80∙10−16
𝐶𝐶𝑓𝑓
2.27 ∙ 𝜎𝜎𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏1.12
𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓
′′ 2.27 ∙ 𝜎𝜎𝑤𝑤0.015        (5) 163 
where in the last equality the explicit dependence of 𝜎𝜎′′𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 on 𝜎𝜎𝑤𝑤 was omitted and the value of 164 
𝜎𝜎𝑠𝑠 = 100 𝑚𝑚𝑆𝑆/𝑚𝑚 was used. The permeability estimation through eq. (5) depends weakly on water 165 
conductivity: a 10-fold and 100-fold variations in water conductivity cause only approximately 166 
3.5% and 7% variations in permeability, respectively. For this reason, in the following the spatial 167 
variability of  𝜎𝜎𝑤𝑤 is disregarded in permeability computation, and the uniform value 𝜎𝜎𝑤𝑤 =168 47 𝑚𝑚𝑆𝑆/𝑚𝑚 is used, i.e. the average value at the site (the range at the site is 11-86 mS/m). 169 
Weller et al. (2011) suggest 𝐶𝐶𝑠𝑠 = 2 for CaCl2 and 𝐶𝐶𝑠𝑠 = 1 for NaCl; for other ions, no suggestion 170 
was made. Considering that a mixture of cations and anions are present in the field-collected water 171 
samples with varying molecular concentration, it is difficult to apply an appropriate correction. 172 
Therefore, in our k-estimation the value 𝐶𝐶𝑠𝑠 = 1 is used regardless of the chemical composition of 173 
the water. 174 
 175 
2.2 Parameterization of induced polarization 176 
The spectral variation of the complex conductivity is often parameterized, and the Cole-Cole 177 
model (Cole and Cole, 1941; Pelton et al., 1978) is often used for modeling IP data acquired in the 178 
field (Fiandaca et al., 2013; Kemna et al., 2014; Günther and Martin, 2016). The Cole-Cole model 179 
in its conductivity form is defined as (e.g., Tarasov and Titov, 2013); 180 
𝜎𝜎∗(𝑓𝑓) = 𝜎𝜎0 ∙ �1 + 𝑚𝑚01−𝑚𝑚0 ∙ �1 − 11+(𝑖𝑖2𝜋𝜋𝑠𝑠𝜏𝜏𝜎𝜎)𝐶𝐶��       (6) 181 
where 𝜎𝜎∗ is the complex conductivity, 𝜎𝜎0 is the DC conductivity, 𝑚𝑚0 is the intrinsic chargeability, 182 
𝜏𝜏𝜎𝜎 is the relaxation time, 𝐶𝐶 is the frequency exponent, 𝑓𝑓 is the frequency and 𝑖𝑖 is the imaginary 183 
unit. Using MCMC (Monte Carlo Markov Chain) analysis, Fiandaca et al. (2017a) have shown 184 
that the parameters of the Cole-Cole model are strongly correlated when inverting IP data (in 185 
particular 𝑚𝑚0 and 𝐶𝐶) and that smaller parameter correlations and better resolution can be achieved 186 
(in both frequency domain and time domain) when re-parameterizing the Cole-Cole model, 187 
replacing the parameter 𝑚𝑚0 with the maximum imaginary conductivity 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  of the Cole-Cole 188 
spectrum (Fig. 1b). 189 
The resulting model, named the maximum imaginary conductivity (MIC) model, is defined in 190 
terms of the parameters 𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴: 191 
𝒎𝒎𝑴𝑴𝑴𝑴𝑴𝑴 =  {𝜎𝜎0,𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  , 𝜏𝜏𝜎𝜎,𝐶𝐶}         (7) 192 
In eq. (7) the parameter 𝜎𝜎0 represents the total DC conductivity, i.e. the sum of the bulk 193 
conductivity 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 and the DC surface conductivity 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′ (𝑓𝑓 = 0) (see eq. 1), so when imaging the 194 
DC conductivity (or, equivalently, DC resistivity), it is difficult to discriminate between low-195 
resistive formations (e.g., clay) and increased salinity of the groundwater. 196 
For this reason in this study we introduce a new Cole-Cole re-parameterization, i.e. the bulk and 197 
(maximum) imaginary conductivity (BIC) model, defined in terms of the parameters 𝒎𝒎𝑩𝑩𝑴𝑴𝑴𝑴: 198 
𝒎𝒎𝑩𝑩𝑴𝑴𝑴𝑴 =  {𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  , 𝜏𝜏𝜎𝜎,𝐶𝐶}         (8) 199 
where the assumption is that real and imaginary surface conductivity of eq. (1) are proportional 200 
through the proportionality factor 𝑙𝑙 expressed in eq. (2) and that the frequency dependence of the 201 
complex conductivity obeys the Cole-Cole model. In Weller et al. (2013) the proportionality factor 202 
is found between the DC surface conductivity and the imaginary conductivity at 1Hz, but the 203 
variability of the proportionality with frequency is not discussed. Considering that the imaginary 204 
conductivity of the Cole-Cole model reaches a maximum at the frequency 𝑓𝑓 = 1 2𝜋𝜋𝜏𝜏𝜎𝜎⁄ , we 205 
decided to enforce in the BIC model the proportionality between the real and imaginary surface 206 
conductivity at this frequency. This is a conservative choice: in this way the ratio between the 207 
surface imaginary conductivity and real conductivity never exceeds the factor 𝑙𝑙 of eq. (2). On the 208 
contrary, enforcing the proportionality at 𝑓𝑓 = 1𝐻𝐻𝐻𝐻 would imply a ratio well above 𝑙𝑙 at the peak 209 
frequency 𝑓𝑓 = 1 2𝜋𝜋𝜏𝜏𝜎𝜎⁄  for models with 𝜏𝜏𝜎𝜎 ≫ 1. 210 
For any given set of BIC model, the corresponding conductivity Cole-Cole parameters can be easy 211 
retrieved from the BIC parameters. Firstly, let’s define 𝑎𝑎 and 𝑏𝑏 as: 212 
𝑎𝑎 = −𝑖𝑖𝑚𝑚𝑎𝑎𝑔𝑔 � 1
1+𝑖𝑖𝐶𝐶
�          (9) 213 
𝑏𝑏 = 𝑚𝑚0
1−𝑚𝑚0
           (10) 214 
Considering that 𝑟𝑟𝑟𝑟𝑎𝑎𝑙𝑙 � 1
1+𝑖𝑖𝐶𝐶
� = 0.5 regardless of the 𝐶𝐶 value, eq.(6) can be written at 𝑓𝑓 = 1 2𝜋𝜋𝜏𝜏𝜎𝜎⁄  215 
as: 216 
𝜎𝜎∗(𝑓𝑓 = 1 2𝜋𝜋𝜏𝜏𝜎𝜎⁄ ) = 𝜎𝜎0 ∙ [1 + 𝑏𝑏 ∙ (0.5 + 𝑖𝑖 ∙ 𝑎𝑎)]      (11) 217 
Enforcing the proportionality of eq.(2) at 𝑓𝑓 = 1 2𝜋𝜋𝜏𝜏𝜎𝜎⁄  and considering that by definition 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ =218 
𝑖𝑖𝑚𝑚𝑎𝑎𝑔𝑔�𝜎𝜎∗(𝑓𝑓 = 1 2𝜋𝜋𝜏𝜏𝜎𝜎⁄ )�, we obtain from eq.(1): 219 
𝜎𝜎0 ∙ [1 + 𝑏𝑏 ∙ (0.5 + 𝑖𝑖 ∙ 𝑎𝑎)] = 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ 𝑙𝑙⁄ +  𝑖𝑖 ∙ 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′      (12) 220 
The imaginary part of eq. (12) can be solved for 𝜎𝜎0: 221 
𝜎𝜎0 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′𝑚𝑚∙𝑏𝑏            (13) 222 
Substituting eq.(13) in eq.(12), it is possible to solve for 𝑏𝑏 from the real part of the resulting 223 
equation: 224 
𝑏𝑏 = 𝑏𝑏∙𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ 𝑚𝑚⁄
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
′′ +𝑏𝑏∙𝜎𝜎𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏−0.5∙𝑏𝑏∙𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ 𝑚𝑚⁄          (14) 225 
Finally, 𝑚𝑚0 can be retrieved as a function of 𝑏𝑏 from eq.(10): 226 
𝑚𝑚0 = 𝑏𝑏1+𝑏𝑏           (15) 227 
For example, Fig.1 shows the spectrum of the BIC model defined by the parameter values 228 {𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 2𝑚𝑚𝑆𝑆 𝑚𝑚⁄ ,𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ =  0.5𝑚𝑚𝑆𝑆 𝑚𝑚⁄ , 𝜏𝜏𝜎𝜎 = 0.05 𝑠𝑠,𝐶𝐶 = 0.5}. The 𝜎𝜎0 and 𝑚𝑚0 values of the 229 
corresponding Cole-Cole model are 𝜎𝜎0 = 12.7 𝑚𝑚𝑆𝑆 𝑚𝑚⁄  and 𝑚𝑚0 = 160 𝑚𝑚𝑚𝑚 𝑚𝑚⁄ , and the DC 230 
conductivity is almost completely dominated by the surface conductivity. 231 
2.3 Time-domain spectral induced polarization 232 
Time domain spectral IP is an extension of the DC resistivity method in which the capacity of the 233 
ground is measured using square current pulses. A TD SIP signal can either be measured as rising 234 
of the potential during the current on time or decaying of potential after the current is turned off. 235 
The measurement using the former approach is referred as 100% duty cycle measurement and the 236 
latter as 50% duty cycle measurement (Olsson et al., 2015). The possibility of extracting the 237 
spectral information contained in the TD signal depends considerably on the number of decades 238 
acquired (Madsen et al., 2016; Madsen et al., 2017), and nowadays commercial instruments exist 239 
that sample the full-waveform potential and current signals at high sampling rate (typically in the 240 
kHz range) for the entire measurement time, allowing for advanced signal processing. The 241 
recorded full-waveform data often contain harmonic noise from the power distribution grid, spikes 242 
from e.g. animal fences and self-potential background drift. Harmonic noise makes it impossible 243 
to measure earlier than 20 ms (in a 50 Hz environment) and self-potential drift distorts the signal 244 
at later times: this limits the extraction of spectral information from the signal. In this study full-245 
waveform data sampled at 3750 Hz were acquired and processed following Olsson et al. (2016)  246 
for removal of harmonic noise, spikes, self-potential drift and tapered windowing, in order to 247 
retrieve unbiased TD SIP data from a few milliseconds after current switch. Apparent DC 248 
resistivity values and full-decay gated curves (.i.e., apparent chargeability values with time) 249 
represent the data space for the inversion of TD SIP data. 250 
2.4 2D inversion and imaging of hydraulic permeability 251 
The inversion procedure is carried out using the code by Auken et al. (2015), where the apparent 252 
resistivity values and the IP full-decays are inverted simultaneously in 2D following Fiandaca et 253 
al. (2013), with an accurate description of transmitter waveform and the receiver transfer function 254 
for an unbiased estimation of the spectral parameters (Fiandaca et al., 2012). Along the 2D section, 255 
the model space is defined cell by cell in terms of a parameterization of the FD complex 256 
conductivity (The MIC and BIC parameterizations are the ones used in this study). 257 
The same vertical model discretization (with an increased number of layers in the big-scale 258 
profiles), model constraints and starting model were used for all the inversions, as well as the same 259 
stopping criterion for the iterative inversion (i.e. a relative variation of the objective function 260 
between consecutive iterations below 2%). Furthermore, the same model for the data standard 261 
deviations (STD) has been adopted, i.e. 1% on apparent resistivity and 10% on chargeability, plus 262 
a noise floor of 0.1 mV (Olsson et al., 2015). L2 smoothness vertical/horizontal constraints were 263 
applied, with values 2.0 and 1.2, respectively. The constraint values represent the relative 264 
vertical/lateral variation of the parameters that weights the roughness misfit in the objective 265 
function (Auken et al., 2015). For instance, the vertical constraint value of 2.0 allows roughly 266 
100% of vertical variation between the constrained parameters. 267 
The hydraulic permeability sections are obtained through eq. (5), using directly the inversion 268 
parameters 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝜎𝜎0 for MIC inversions) and 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  for computation, with 𝜎𝜎𝑤𝑤 = 47 𝑚𝑚𝑆𝑆/𝑚𝑚. 269 
Finally, the depth of investigation is computed parameter by parameter following (Fiandaca et al., 270 
2015). 271 
3. The survey  272 
3.1 Survey area  273 
The investigated study area (Fig. 2) covers a stretch of Grindsted stream, Denmark. The Grindsted 274 
stream is 8-12 m wide and 1-2.5 m deep and flows east to west through the town. It has a discharge 275 
of 2000 L/y and drains a sandy aquifer (Balbarini et al., 2017; Sonne et al., 2017). The groundwater 276 
level is very close to the surface near the stream, between 33.5 and 34.0 m a.s.l. (Fig. 2), so the 277 
formations are almost completely saturated. A detailed geological description is provided in 278 
section 3.4. At the site, a contaminant plume, consisting of chlorinated ethenes (tetrachlorethene, 279 
tricholoroethene, dichloroethene and vinylchloride), BTEX (Benzene, Toluene, Ethylbenzene, 280 
Xylenes) and pharmaceutical compounds, is discharging to the stream from the north (Aisopou et 281 
al., 2015; Rasmussen et al., 2016; Balbarini et al., 2017; Rønde et al., 2017). The investigation 282 
was focused around the area north of where the elevated contaminant concentrations were 283 
observed in the stream (Sonne et al., 2017). Fig. 2 shows the position of: the TD SIP profiles (red 284 
and blue lines); the multilevel drive point wells used for measuring conductivity in groundwater 285 
and hydraulic permeability (green dots); the four wells (B1-B4) used for lithological 286 
characterization (black stars), where water conductivity and permeability were also measured. The 287 
DGU numbers of the lithological boreholes, which identify the boreholes in the Danish national 288 
database (Jupiter), are: 114.2569 (B1); 114.2570 (B2); 114.2507 (B3); 114.1448 (B4). 289 
3.2 TD SIP data acquisition and processing 290 
Time domain SIP data were acquired along 16 2D profiles using a modified Terrameter LS 291 
instrument (ABEM). 14 2D profiles (1 to 7 and 8 to 14, see Fig. 2) were collected as part of a large 292 
scale 3D data survey. The 3D data acquisition system has been previously demonstrated by Maurya 293 
et al. (2017) . Each 2D profile was acquired using a 4 cable layout system. The small scale profiles 294 
(1 to 7, each 126 m long) were acquired using 64 electrodes with 2m spacing, where 11 electrodes 295 
were connected to the each outer cables (1 and 4) and 21 electrodes were connected to each inner 296 
cables (2 and 3). These small-scale profiles were mainly focused around the area where discharge 297 
of contaminant is observed in the stream. 298 
The long profiles (8 to 14, each 410 m long) used 63 electrodes each and had 11 electrodes 299 
connected to outer cables with 10 m electrode spacing and 21 electrodes connected to the inner 300 
cables with 5 m spacing. In these profiles, cable 2 and 3 shares one electrode in the middle of the 301 
profile. The interspacing between the big scale profiles and small scale profiles was 15 m and 7 302 
m, respectively. In addition to the 3D survey, two additional 2D profiles (15 and 16 in Fig. 2) of 303 
length 600 m and 300 m respectively, were collected before 3D survey, using the roll-along 304 
measurements technique (Dahlin, 2001). All the profiles were collected using the gradient array 305 
(Dahlin and Zhou, 2006), because of the good signal-to-noise ratio of this array (Gazoty et al., 306 
2013). Several profiles, both small scale and big scale, cross the meandering of the river (Fig. 2). 307 
At these locations, floating electrodes were used. TD SIP data were acquired using 50% duty cycle 308 
measurements with current pulse of 4 second on and off time, with full-waveform data recorded 309 
at a sampling rate of 3750 Hz. A maximum of 500 mA current was injected with maximum power 310 
of 250 watt, however the amount of current was varying (150-500 mA) depending on the contact 311 
resistance of the current electrodes. 312 
Data were processed and gated into 36 logarithmically spaced gates within the time interval from 313 
1 ms to 3.9 ms. The Aarhus Workbench software (www.aarhusgeosoftware.dk) was used for 314 
manual processing, which mainly involves culling of outliers (individual gates or entire decay) 315 
originating from electrode with poor contact. Moreover, electromagnetic induction from the 316 
ground or coupling between cables affected the signal at very early time (usually around 1-3 ms) 317 
and therefore these data also had to be removed.  318 
3.3 Measurements of water conductivity and hydraulic permeability 319 
3.3.1 Measurements of water conductivity (𝝈𝝈𝒘𝒘)  320 
Water conductivity was measured in groundwater from multi-level drive point wells (10 cm screen 321 
lengths and 19 mm inner diameter) and traditional boreholes (1-2 m screen lengths and 50 mm 322 
inner diameters). The conductivity was measured at 92 locations, by leading water through a flow-323 
through cell connected to a multi meter (WTW Multi 3420). The conductivity values are measured 324 
by the instrument at ambient temperature and then, after temperature correction, recorded at the 325 
nominal temperature of 25 ᵒC. Consequently, the conductivity values were then converted to 10˚C 326 
according to (Smith, 1962), and used for further comparison with the TD SIP data.  327 
3.3.2 Permeability (k) estimation using slug test and grain size analyses 328 
To estimate the hydraulic conductivity, falling head slug tests were conducted in the multi-level 329 
drive point piezometers and boreholes as the ones described in section 3.3.1. A pressure transducer, 330 
recording the head every 0.1 s, was submerged in the water inside the piezometer/borehole, after 331 
which the set-up was left to equilibrate. In order to obtain a falling head curve, vacuum was 332 
applied, raising the water level ca. 1 m, and then released to let the water level drop (Hinsby et al., 333 
1992).  The groundwater falling head curves were analyzed using Bower and Rice’s method 334 
(Bouwer and Rice, 1976) for screens located in the confined aquifer, Hvorlev’s method (Hvorslev, 335 
1951) for screens located in the unconfined aquifer, and Springer and Gelhar’s method (Springer 336 
and Gelhar, 1991) for slug tests showing oscillatory responses.  337 
Grain size analyses were conducted on soil samples collected every 0.5 m between 0 to 29.5 mbgs 338 
at well B3. The grain size distribution curve was determined using sieving, for particle size 339 
between 2 and 0.063 mm, and laser diffractometer (Mastersizer Hydro 2000SM), for particle size 340 
between 63 and 0.02 µm (Switzer and Pile, 2015). The grain size distribution curve was used to 341 
estimate the permeability. Many approaches have been suggested for this purpose and the 342 
calculated permeability can change orders of magnitudes between the various approaches Devlin 343 
(2015). Thus, several methods were applied on each sample (between 2 and 13), depending on the 344 
properties of the sample, and the permeability values were computed through the geometric mean. 345 
On average, the standard deviation of all methods on all sample is 0.3 decades, indicating that the 346 
choice of the qualified methods is not crucial and the proposed approach should give robust 347 
estimates of permeability values. 348 
3.4 Geology at the stream site 349 
The Grindsted stream is a meandering stream, where sandy sediments are deposited in the channel 350 
and banks and peat layers formed on the flood plain. The postglacial stream valley is eroded into 351 
a Weichselian outwash plain. The outwash plain is formed by a braided river system located west 352 
of the Main stationary Line of the Late Weichselian ice sheet (Houmark-Nielsen, 2011). Locally, 353 
below the Weichselian outwash plain remains of a Saalian till plain consisting of sand till are 354 
found. The sand till overlies a second succession of meltwater deposits, likely of Saalian age 355 
(Houmark-Nielsen, 2007). The meltwater sand consists mainly of medium grained sand with some 356 
beds of silty fine grained sand and gravelly coarse grained sand (Heron et al., 1998). The 357 
Quaternary deposits of 10-15 m thickness overlie a c. 60 m thick succession of Miocene sediments 358 
consisting mainly of mica and quartz sand with some intercalations of clay and lignite beds. In the 359 
top part of the Miocene succession, the clay and lignite layers are observed to be up to c. 6 m thick, 360 
whereas in the deeper part of the Miocene succession the clay and lignite beds are of c. 1 m 361 
thickness. The top and bottom parts of the Miocene succession are dominated by fine grained sand, 362 
locally silty and the intermediate parts are coarser grained with medium-coarse grained quartz-rich 363 
sand. The sediments belong to the Odderup Formation and are formed in the coastal zone with the 364 
clay beds and lignite deposited in lagoonal swamps (Rasmussen et al., 2010). The clay and lignite 365 
layers can be correlated on a kilometer scale. At c. 80 m below ground surface the top of a clayey 366 
succession belonging to the Arnum Formation is situated (Rasmussen et al., 2010). A conceptual 367 
model of the geological layering in the area (Fig. 3) is generated based on the general 368 
understanding of the geological setting (e.g., Heron et al., 1998; Rasmussen et al., 2010). Approximate 369 
depths of the layer boundaries are obtained from borehole lithological logs.  370 
3.5 IP-supported digital 3D geological model 371 
A digital 3D geological model was constructed for a 0.35 km2 area around Grindsted stream using 372 
the modeling software GeoScene3D (www.i-gis.dk). All available data, including lithological 373 
data, water conductivity and hydraulic head observed in boreholes, the imaging results of the IP 374 
survey, in terms of 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 𝜎𝜎0, 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  and permeability sections, and a digital terrain model were 375 
loaded into the modeling software to be displayed in the 3D modeling environment. Additionally, 376 
historic maps and a geological map were on display in map view. A cognitive modeling approach 377 
was followed allowing for incorporation of geological expert knowledge between observational 378 
points (Royse, 2010). Furthermore, the cognitive modeling process included considerations on 379 
methodological limitations of the geophysical information used translating petrophysical 380 
parameters into lithological units (Jørgensen et al., 2013). With a geological setting consisting of 381 
mainly undisturbed layers (Fig. 3), the layer modeling approach was used, where interpretation 382 
points initially were placed at locations with data of best quality. When necessary, free 383 
interpretation points were added between observational points for constraining surfaces in the 384 
interpolation of layer boundaries. The model was divided into a total of 19 layers, 14 Miocene 385 
sand and clay/lignite layers, three Quaternary layers consisting of meltwater sand and sand till and 386 
two postglacial layers of freshwater sand and peat (Fig. 3). In accordance with the general 387 
understanding of the depositional environment, the thin clay and lignite layers are modeled as sub-388 
horizontal continuous layers. The low permeable clay/lignite layers in the top of Miocene deposits 389 
separates an upper aquifer (unconfined) of Quaternary deposits from a lower aquifer (confined) of 390 
Miocene deposits. 391 
Only three boreholes were available for modeling the top of the lower six Miocene layers (-45 – 0 392 
m a.s.l.) in the deepest part of the model, and additionally five boreholes were present for modeling 393 
the top of the next two Miocene layers (0 – 15 m a.s.l.) at intermediate depths of the model. Within 394 
these deeper parts of the 3D geological model the clay and lignite beds interbedded in the otherwise 395 
sandy succession were observed to be c. 1 m thick (Fig. 3), which were beyond the limits of the 396 
vertical resolution of the TD SIP method. Thus the layers in this part of the geological model were 397 
solely modeled using the few borehole observational points and following the conceptual 398 
geological model. In the upper c. 25 m of the geological model (15 – 40 m a.s.l), all the available 399 
data contributed in the modeling process. At the outer parts of the geological model only borehole 400 
data were present, whereas in the shallow central and partly contaminated part of the geological 401 
model the imaging results of the IP survey (𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 𝜎𝜎0 and 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  and permeability sections) 402 
supported the geological modeling in combination with all other available data. However, it was 403 
not a trivial task to include the imaging results from IP survey for several reasons: 1) the 404 
contamination affected significantly the 𝜎𝜎0 profiles, which are classically used for informing 405 
geology, although the 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 𝜎𝜎′′𝑚𝑚𝑚𝑚𝑚𝑚 and permeability sections helped in discriminating 406 
contamination and geology; 2) the upper Miocene clay layers of 2-8 m thickness, buried at 12-15 407 
m depth, were at or below the limit of the resolution for the TD SIP method (at least with the 408 
acquisition layout used in this study); 3) the petrophysical parameters of the lithological classes, 409 
due also to the limited spatial resolution, partly or completely overlapped. This latter point is 410 
illustrated in the histogram of Fig. 4, where the permeability values derived from the IP inversions, 411 
plotted for three geological units (melt water sand, sand till and clay/lignite), partly overlay each 412 
other. The IP-derived permeability values included in the histogram are taken within a horizontal 413 
distance of 1.5 times the electrode spacing from the profiles to the boreholes used for the 414 
lithological description. 415 
Consequently, if the inverted parameters let to ambiguous lithological interpretations between the 416 
borehole data, the geological interpretation then followed the conceptual geological model. 417 
  418 
4. Results 419 
4.1 Comparison of BIC and MIC inversions and lithological interpretation 420 
Profile 6 was selected for one to one comparison of the MIC and BIC inversion models, because 421 
of the presence of a lithological log close to the profile (B3 in Fig. 2), which can help in the result 422 
interpretation. This comparison is presented in Fig. 5, where MIC model parameters are shown in 423 
left panel (b1-e1) and BIC model parameters are shown in right panel (a2-e2). Note that for easy 424 
comparison, the total DC conductivity 𝜎𝜎0 in the BIC model (Fig.5b2) was computed using eq. (13). 425 
The lithological log is superimposed on the MIC and BIC model parameter sections. Depth of 426 
investigation (DOI) is shown for each parameter section by white color fading, with an upper 427 
(more conservative) and lower (less conservative) DOI estimation (Fiandaca et al., 2015). Figs. 5 428 
(f1) and (f2) shows the corresponding data misfit (DC and IP separately) for the MIC and BIC 429 
inversions, averaged vertically (and over all gates for the IP misfit) along the pseudo section. It 430 
can be noticed that both models fits the data equally well, meaning that they resemble equivalent 431 
models. However, structural differences can be observed in 𝜎𝜎0 and 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ . In the 𝜎𝜎0 section 432 
computed from the BIC model (Fig. 5b2), the sand-till layer (from depth 7.5 to 10.0 m) and the 433 
lignite layer (11.5 to 14m) are together characterized by a unique, relatively high conductive layer. 434 
This also corresponds to a layer with higher imaginary conductivity in  𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′  (Fig. 5c2). This is 435 
opposed to the MIC model (Fig. 5b1) where the sand-till and lignite layers were not seen as 436 
continuous sub-horizontal conductive layers (both in 𝜎𝜎0 and 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ ). Moreover, the 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 section of 437 
the BIC model shows two relatively homogeneous and distinctive northwest and southwest zones 438 
deeper than 10 m. This information is important in discriminating the contribution of conductive 439 
lithological material (clay, lignite and sand-till) and water conductivity 𝜎𝜎𝑤𝑤 to the DC conductivity. 440 
In conclusion we think that inversion results of BIC model parameters best represent the 441 
conceptual geological understanding (Fig. 3) and hence our further interpretations are based on 442 
this model. The outcome of the joint interpretation of the geophysical results and the lithological 443 
and hydrological data is presented in Fig. 5(a1), which represents a slice along profile 6 of the 3D 444 
geological model built using the procedure explained in section 3.5. 445 
4.2 Mapping of 𝛔𝛔𝐰𝐰, k and lithology in the unconfined aquifer 446 
In Fig. 6(a), the correlation between water conductivity (𝜎𝜎𝑤𝑤) from groundwater and 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 retrieved 447 
from TD SIP inversions is shown. The selection of samples at the stream site for the correlation 448 
plot was based on the following three criteria: 1) the value of the model cells closest to the 449 
measured sample points were chosen, 2) model cells were included from both 2 m and 5 m 450 
electrode spacing profiles, however the top 5 m from the 5 m electrode spacing profiles were 451 
excluded, considering that the 2 m spacing profiles have better resolution in the near surface and, 452 
3) sample points only within the DOI and within an horizontal distance equal to 1.5 times the 453 
electrode spacing from profiles were selected. Following the above criteria, a total of 89 sample 454 
points out of 92 points were qualified for the comparison. 455 
From the correlation plot between 𝜎𝜎𝑤𝑤 and 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 we found the correlation coefficient R2 =0.31 and 456 
the formation factor (inverse of the slope) F=5.1. The small correlation coefficient is partly due to 457 
the limited range of water conductivity measured at the site. In order to get a larger conductivity 458 
range, we also plotted in Fig. 6(a) 25 additional points from a recent study by Maurya et al. (2017), 459 
which was conducted at a landfill site located 2 km south of the stream in a very similar geological 460 
setting. We observed a comparable formation factor (F=4.7), but a higher correlation coefficient 461 
R2 =0.80 when sample points from landfill are included. 462 
Using the value F=5.1 for the formation factor, water conductivity sections for profile 2, 4, and 6 463 
are shown in Fig. (7). For comparison, the measured water conductivity values are superimposed 464 
on the sections. It can be seen that, on average, water conductivities values measured in 465 
groundwater agree quite well with the estimates from the TD SIP models. In all the sections, 466 
relatively higher water conductivity can be observed in the northwest part of all profiles compared 467 
to southwest, which is around the meandering of the river (see Fig. 2). 468 
The same criteria as above were adopted for selecting the sample points for investigating the 469 
correlation between measured permeability values and those estimated from IP using eq. (5), (Fig. 470 
6b). A total of 94 sample points were qualified for permeability correlation. A fair correlation 471 
between measured k values (estimated from both slug test and grain size distribution) and IP-472 
derived k values can be seen in Fig. 6(b). Hydraulic permeability images are produced for profile 473 
2, 4, and 6 using eq. (5), (Fig. 7), with measured k values superimposed on it. Most of the IP-474 
derived k values are within one order of magnitude from the measured values. At few locations 475 
(filled with gray color in Fig. 6b) IP-derived k values are underestimated by more than two orders 476 
of magnitude. These samples are located near geological boundaries or in a thin sandy layer 477 
interbedded between two low permeable layers. Considering the vertical smoothness constraint 478 
applied in the inversion procedure and the resolution of the TD SIP method, these samples are 479 
unlikely to be resolved with the TD SIP method. For example, in profile 6 (Fig. 7d2), the thin 480 
sandy layer between sand till and lignite layers (10 to 11.5 m depth interval) is not resolved in the 481 
TD SIP inversion. Thus, the TD SIP method underestimates the k in this layer compared to grain 482 
size analysis/slug tests. For a quantitative estimation of the prediction quality, the average 483 
deviation between the IP-derived k estimates 𝑘𝑘𝐼𝐼𝐼𝐼 and the measured k values 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠 was computed 484 
following the formula 𝑑𝑑 = 1
𝑛𝑛
∑ |𝑙𝑙𝑙𝑙𝑔𝑔10(𝑘𝑘𝐼𝐼𝐼𝐼) − 𝑙𝑙𝑙𝑙𝑔𝑔10(𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠)|𝑛𝑛𝑖𝑖=1  (Weller et al., 2015), for all the 485 
estimates except the ones near geological boundaries (filled with gray color in Fig. 6b). The 486 
average deviation is 𝑑𝑑 = 0.98 compared to the 𝑑𝑑 = 0.39 value reported by Weller et al. (2015) for 487 
laboratory data measured on unconsolidated samples. Except for the discrepancies near geological 488 
boundaries, the prediction quality of k values from the IP inversion models is considered 489 
satisfactory, both quantitatively and in terms of spatial distribution, and was used to infer the 490 
lithology and construct the digital 3D geological model, which is represented in Fig. 7(a2) along 491 
profile 2. The thickening of the sand-till layer from borehole B2 towards the southeast direction 492 
comes from the interpretation of the permeability sections, where low permeability values are seen 493 
above 26 m in elevation. 494 
4.3 Mapping of 𝛔𝛔𝐰𝐰, k and lithology in the confined aquifer 495 
The water conductivity and permeability sections of the big-scale profile 14, together with the slice 496 
of the 3D geological model along the profile, are shown in Figs. 8(a), (b) and (c), respectively. A 497 
relatively higher water conductivity can be seen in the western part of the profile (from 50 to 230 498 
m) below 10 m depth. Similarly, to small scale profiles, the low permeability layers from depth of 499 
7 to 14.5 m can be identified as sand till and lignite layers with interbedded meltwater sand. The 500 
higher water conductivity is observed in the aquifer below these layers. No contamination was 501 
expected in this part of the confined aquifer and confirmation boreholes B1 and B2 were drilled 502 
for validating the geophysical results: a good agreement was found with the conductivity of the 503 
water samples measured at depths below 20 m, as well as with the permeability estimations at all 504 
depths. In particular, the water conductivity measured in the two screens in B1 and B2 at 20 m 505 
depth, in the middle of the conductivity anomaly, were 80 mS/m and 60 mS/m, well above the 20-506 
30 mS/m background value. For comparison, the values estimated in by the TD SIP inversions in 507 
the closest inversion cells, 7 m and 3 m apart, were 120 mS/m and 80 mS/m, respectively. Elevated 508 
concentrations of inorganic compounds, responsible for the increased water conductivity, were 509 
found at B1 and B2 in the deep aquifer. Furthermore, Benzene and metabolites of chlorinated 510 
solvents were observed in high concentrations (but not as high as in the shallow unconfined 511 
aquifer), as well as pharmaceutical contaminants such as sulfonamides and barbiturates. 512 
Finally, Fig. 9 presents pseudo 3D models of 𝜎𝜎𝑤𝑤 and k, obtained by combining all the big-scale 513 
sections, and the 3D geological model. The 𝜎𝜎𝑤𝑤 and k models are created by inverse distance 514 
interpolations of the 2D sections to layers and then stacking these layers to construct a 3D volume. 515 
In the 𝜎𝜎𝑤𝑤 3D model (Fig. 9a), a clear anomaly can be seen localized in the northern part of the 516 
survey, whereas in the k 3D model (Fig. 9b) the low permeable layer (around 10−12.5 to 10−14 m2) 517 
is more regional and represents the sand-till and lignite/clay layers (Fig. 9c). 518 
 519 
5. Discussion 520 
5.1 The new approach compared to classical applications of the IP method at contaminated 521 
sites  522 
For field investigations, risk assessment and adequate remedial design at contaminated sites 523 
information on the spatial distribution of the contamination, local geology and hydrogeological 524 
properties is required. Aiming expressly at addressing these needs, we developed a new approach 525 
for characterizing contaminated sites through TD SIP data. For this purpose, the spatial 526 
distributions of two parameters directly usable in the hydrogeological interpretation were derived, 527 
i.e. the distribution of water conductivity (decoupled from the surface conductivity of the medium) 528 
and hydraulic permeability. The water conductivity was used as a proxy for contamination, even 529 
though the conductivity response due to contamination is site-/process-specific (e.g. Atekwana and 530 
Atekwana, 2010) and has not been targeted in this study. On the other hand, the hydraulic 531 
permeability has been used as a lithological indicator for mapping the geology (besides its intrinsic 532 
value in the hydrogeological characterization). 533 
The approach presented in this study differs significantly from the usual applications of IP for 534 
characterizing sites impacted by contamination that are generally aimed at the lithological 535 
characterization by IP parameters (e.g., Gazoty et al., 2012b; Johansson et al., 2016) the 536 
identification of the source of the contamination (e.g., landfill delineation, Dahlin et al., 2010; 537 
Gazoty et al., 2012a; Wemegah et al., 2017), the identification of mobile (pools) or residual 538 
NAPLs (e.g., Orozco et al., 2012; Johansson et al., 2015) or of biogeochemical processes (e.g., 539 
Orozco et al., 2011; Chen et al., 2012). 540 
For lithological characterization, parameters related to the magnitude of polarization, such as 541 
imaginary conductivity (𝜎𝜎′′), phase shift (𝜙𝜙) or intrinsic chargeability (𝑚𝑚0) are generally used in 542 
IP investigations (e.g., Slater and Lesmes, 2002b; Gazoty et al., 2012b). However, Weller and 543 
Slater (2012) have shown that 𝜎𝜎′′ is dependent on the fluid conductivity, hence lithological 544 
interpretation based on 𝜎𝜎′′ (or 𝜙𝜙 and 𝑚𝑚0) might be hindered at contaminated sites if significant 545 
variability in water conductivity is present. On the contrary, as derived from laboratory results and 546 
as shown in this study, permeability estimates of unconsolidated formations depend weakly on 547 
water conductivity and hence are a better lithological indicator. Furthermore, while well-548 
established permeability ranges are available for characterizing lithology, it is much more difficult 549 
to find appropriate ranges of IP parameters for lithological description in the literature. 550 
The proposed approach has an underlying assumption for its applicability:  the contamination 551 
should have neither IP nor DC signature, except for the effect of water conductivity. This 552 
requirement is not always fulfilled, for instance in subsurface settings contaminated with NAPLs 553 
(e.g., Orozco et al., 2011; Orozco et al., 2012; Chen et al., 2012; Johansson et al., 2015). However, 554 
the IP signature is usually significant only where the contaminants are present  in concentrations 555 
close to the saturation point (e.g. above 1000 mg/l for BTEX in Orozco et al. (2012)), which is 556 
generally at or close to the contamination source. Consequently, depending on the contaminant 557 
types and concentrations, the distributions of bulk conductivity and hydraulic permeability 558 
retrieved by the proposed approach can be inaccurate close to the source area. 559 
In contaminant plumes far from the source, the concentrations are usually much lower (typically 560 
µg/l or few mg/l at tens to a few hundreds of meters from the source) and the requirement of a 561 
negligible DC/IP signature is entirely fulfilled, as it is also the case at the Grindsted stream site 562 
(where for instance the maximum measured BTEX concentration was 1.7 mg/l). Nevertheless, 563 
such plumes may pose a risk to the environment. For instance, in Denmark the limit in groundwater 564 
for benzene (a BTEX compound) is 1µg/l. 565 
5.2 Prediction quality and resolution 566 
The use of IP for permeability estimation in the field is not a novelty in itself (e.g., Kemna et al., 567 
2004; Hördt et al., 2007; Hördt et al., 2009; Attwa and Günther, 2013). However, to our knowledge 568 
the expression suggested by Weller et al. (2015) for permeability estimation (eq. (4)), expressly 569 
derived for unconsolidated sediments from an extensive set of samples, was used in the field only 570 
in the cross-hole survey presented by Binley et al. (2016) and in the logging-while-drilling 571 
borehole survey presented by Fiandaca et al. (2017b, 2017c). Binley et al. (2016) found the field-572 
scale IP method to be suitable for providing estimates of hydraulic permeability in coarse-grained 573 
aquifers, but to be somewhat limited for the resolution of small-scale (e.g., lenses versus layers) 574 
contrasts in hydraulic permeability variation: low contrast in permeability resulted in relatively 575 
low structural resolution based on the distribution of IP parameters. On the contrary, Fiandaca et 576 
al (2017b; 2017c) found a very good correlation (within on average one order of magnitude) 577 
between the IP-derived permeability estimates and those derived using grain size analyses and 578 
slug-tests, with similar depth-trends and permeability contrasts. The results presented in this study, 579 
obtained only from surface TD SIP measurements, almost replicate the quality of permeability 580 
prediction shown in Fiandaca et al. (2017b; 2017c), except for the lower spatial resolution of the 581 
surface imaging that resulted in underestimated predictions close to geological boundaries. Indeed, 582 
the spatial resolution of the permeability prediction naturally mimics the spatial resolution of the 583 
electrical properties from which the permeability is derived. A way for improving the prediction 584 
quality of the TD SIP inversions and to mitigate the resolution issue is to incorporate prior 585 
information in the inversion process, both in terms of parameter values and correlations lengths, 586 
as done for instance in resistivity inversion by  Hermans and Irving (2017). We are currently 587 
working on a model parameterization that inverts directly for hydraulic permeability, which allows 588 
for a direct integration of the hydrological prior information. The quality of the correlation between 589 
the IP-derived hydraulic permeability and the permeability derived from slug tests/grain size 590 
analyses is influenced not only by the decrease in resolution with depth of the IP imaging, but 591 
more in general by the different support volume of the two estimates. The slug tests, and even 592 
more the grain size analyses, provide very local information compared to the surface IP-based 593 
permeability estimates. Taking into account also the uncertainty in the petrophysical relationship 594 
of eq. (4), this means that a correlation stronger than what we found (Fig. 6b) is most likely not 595 
possible. Similar reasoning is valid for the correlation between the water electrical conductivity 596 
measured in groundwater and the imaged bulk conductivity (Fig. 6a). 597 
The limits in spatial resolution affect also the use of the imaging results for supporting the 598 
geological modeling: the geophysical models are sometimes smeared images of the geological 599 
models interpreted including all the borehole and geological information. Nevertheless, the 600 
imaging of both water electrical conductivity and hydraulic permeability was able to capture the 601 
main (hydro) geological units of the site and the areas of higher contamination, and gave a 602 
significant input in the site characterization. In particular, this led to the discovery of the 603 
contamination in the deep contaminated aquifer. 604 
5.3 Applicability of petrophysical relationships  605 
The approach proposed in this study depends on petrophysical relations and it is not applicable 606 
when these relations are not valid. In particular, the relationship for permeability estimation (eq. 607 
4) is valid only for unconsolidated, saturated samples. Saturation is also required in the laboratory-608 
derived empirical relation used to isolate the electrolytic bulk conduction from surface conduction 609 
(eq. 2). Empirical relations have been suggested in the literature also for the prediction of 610 
permeability on consolidated sediments (e.g., Weller et al., 2015) and corrections for the 611 
dependence on fluid saturation have been proposed for both bulk conductivity (Archie, 1942) and 612 
surface conductivity (e.g., Vinegar and Waxman, 1984; Ulrich and Slater, 2004). Nevertheless, the 613 
extension of the proposed approach to unsaturated and/or consolidated media is beyond the scope 614 
of this study, which deals with saturated unconsolidated sediments. The quality and accuracy of 615 
the 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 estimation through the BIC modeling depends on the value of 𝑙𝑙 used in eq. (2) and on 616 
the assumption that the relationship is equally valid for all the investigated sediments. The good 617 
correlation found between the imaged bulk conductivity and the water conductivity measured in 618 
groundwater in this study (Fig.6a) is not a proof of the validity of the relationship of eq. (2), but 619 
decoupling 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 from 𝜎𝜎′𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 led to inversion models more representative of the geological 620 
understanding of the site and to reduction of the equivalence problem in the inversions. In fact, the 621 
use of the BIC model practically imposes a geometrical constraint between the imaginary 622 
conductivity (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ ) section and the total DC conductivity (𝜎𝜎0) section so that a chargeable layer 623 
is also conductive. This feature is desirable as long as the petrophysical relation between 𝜎𝜎′𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 624 
and 𝜎𝜎′′𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 is applicable, because the relation is obeyed by the inversion models by construction, 625 
while it might not be fulfilled by inversions carried out for instance with the classic Cole-Cole or 626 
the MIC modeling.  627 
5.4 Final remarks  628 
The approach presented in this study can contribute to a cost-effective characterization of 629 
contaminated sites, reducing the number of drillings needed for the plume delineation and the 630 
definition of local geology and hydrogeological properties (also by guiding the drilling 631 
campaigns). The learnings on plume, hydraulic permeability field and geology are needed for 632 
modeling of contaminant transport, and hence for risk assessment and/or adequate remedial design. 633 
For instance, the geological model derived in this study (Fig. 9a), as well as the delineation of the 634 
contamination plume (Fig. 9c),  will in later studies be used as a framework for building a 635 
numerical flow model simulation of contaminant transport towards the stream. 636 
6. Conclusion 637 
We developed a new approach for characterizing contaminated sites through the imaging of water 638 
conductivity 𝜎𝜎𝑤𝑤, hydraulic permeability k, and lithology by means of TD SIP data. We tested the 639 
approach at a contaminated stream site using 16 TD SIP profiles and an extensive set of 640 
complementary hydrologic and geologic information. 641 
For modeling the complex conductivity in the data inversion, a re-parameterized Cole-Cole model 642 
was developed, namely the bulk and imaginary conductivity (BIC) model, defined in terms of the 643 
bulk conductivity 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, the maximum imaginary conductivity 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ , the relaxation time 𝜏𝜏𝜎𝜎, and 644 
the frequency exponent 𝐶𝐶. In the BIC model the bulk conductivity 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is decoupled from the real 645 
surface conductivity 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′  through an empirical, laboratory-derived, petrophysical relation. The 646 
subsurface permeability distribution was estimated from the BIC inversion parameters 647 
𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  and 𝜎𝜎′′𝑚𝑚𝑚𝑚𝑚𝑚, using a laboratory-derived empirical equation valid for unconsolidated 648 
(saturated) sediments without any calibration. 649 
The IP-derived permeability values were found to be in good agreement with the estimates 650 
obtained using slug tests and grain size analyses: most of the estimates IP-derived k values were 651 
on average within one order of magnitude. However, for a few slug tests, made close to geological 652 
boundaries, the IP-derived k values were underestimated. This is where the smooth inversion failed 653 
to produce sharp boundaries. A positive correlation was observed between water conductivity 𝜎𝜎𝑤𝑤 654 
measured in groundwater and the imaged bulk conductivity 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, and an average formation factor  655 
was estimated to 𝐹𝐹 = 5.1 for converting the imaged values of bulk conductivity into water 656 
conductivity. 657 
The imaging of permeability and water conductivity allowed for a better discrimination of the 658 
clay/lignite lithology from the water conductivity, also due to the decrease in model equivalence 659 
of the inversion results, and the geophysical models were actively used for supporting the 660 
geological modeling. Furthermore, the direct comparison of the spatial distribution of the imaged 661 
water conductivity and the values measured in groundwater, in conjunction with the permeability 662 
imaging and the geological interpretation, allowed for the discovery of an unknown increase of 𝜎𝜎𝑤𝑤 663 
in the deeper (confined) aquifer, in the northern part of the survey area. Water samples from 664 
confirmation wells drilled after the survey showed elevated concentration of inorganic compounds, 665 
which are linked to the elevated water conductivity in the confined aquifer. High concentrations 666 
of xenobiotic organic contaminants such as benzene, metabolites of chlorinated solvents, 667 
sulfonamides, and barbiturates were also observed in the new boreholes. 668 
These new findings pave the way for a detailed and inexpensive mapping of bulk/water 669 
conductivity, permeability, and lithology at contaminated sites using surface TD SIP 670 
measurements, and for cost-effective risk assessment and remedial design. 671 
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Figure 1 Spectrum of the BIC model computed using 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 2 𝑚𝑚𝑆𝑆/𝑚𝑚,  𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚′′ = 0.5 𝑚𝑚𝑆𝑆/𝑚𝑚, 𝜏𝜏𝜎𝜎 =0.05 𝑠𝑠 𝑎𝑎𝑎𝑎𝑑𝑑 𝐶𝐶 = 0.5 a) real conductivity  𝜎𝜎′(black curve), obtained as the sum of the bulk conductivity 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 
(magenta curve) and the surface real conductivity 𝜎𝜎𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠′ . The water conductivity value 𝜎𝜎𝑤𝑤 with formation 
factor F=5 is also shown. b) imaginary conductivity  𝜎𝜎′′ 
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  916 
Figure 2 Map of the survey area, Grindsted stream, the 2D TD SIP profiles and wells. Profile 1 – 
7  is the small scale and 8 – 14 is the large scale 3D survey and profile 14 and 15 are two additional 
profiles. The map inserted shows the outline of Denmark, with the location of the Grindsted site 
marked by the black dot. 
Figure 3. Conceptual geological model for the Grindsted stream area. 
 917 
Figure 4. Histogram of IP- derived permeability values of three geological units, meltwater sand, 918 
sand-till and clay/lignite. 919 
 920 
Figure 5. IP inversion results of profile 6, MIC model parameters are shown in left panel (b1-e1) and 
BIC model parameters are shown in right panel (a2-e2). a1 is a slice of the 3D geological model along 
profile 6, with lithological log from borehole B3 on top. f1 and f2 show the data misfit for the MIC and 
BIC inversions, averaged vertically (and over all gates for the IP misfit) along the pseudosection (blue 
lines for DC red lines for IP).In f1 and f,2 Nite  is the number of iterations and 𝜒𝜒 is the total data misfit. 
 921 
Figure 6 a) Correlation between measured water conductivity, σw  and 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 retrieved from inversion 
model. Please note that the correlation plot is shown on log-log scale but the fitting of the straight line 
is performed on a linear scale. b) Correlation between measured k and IP derived k values, points filled 
with light gray color are the samples taken close to interpreted geological boundaries. The distance from 
the geological boundaries is the corresponding thickness of the inversion layer. 
 922 
Figure 7. Zoom-in of the survey map (a1), slice of the geological model along profile 2 (a2), water conductivity (b1-d1) 
and permeability images (b2-d2) for profile 2, 4, and 6. Water conductivity sections are derived using 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏and formation 
factor of 5.1. Electrical conductivity measured in groundwater and measured permeability values are superimposed on 
the sections. Only data from wells within 3.0 m from the profile are shown (i.e. 1.5 times the electrode spacing). Note 
that in profile 6 the continuous distribution of k values are obtained from the grain size analysis. The green dots in panel 
a1 represent the wells used for water sampling and slug tests/grain size analysis, while the black stars represent the 
lithological boreholes. The lithological log from borehole B2 is superposed on panel a2. 
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 925 
Figure 8. Water conductivity, permeability and lithological sections for profile 14. Water sample 
wells only within 7.5m from the profile are shown (i.e. within 1.5 times the electrode spacing). 
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Figure 9. a) 3D Geological model, b) 3D permeability model, c) 3D water electrical conductivity model 
